tected by FRET (see Figure 1 and Supplementary Movie
2). These data indicate that Rac2 is recruited to areas in the leading edge and retracting tail where actin assembly is occurring and that this recruitment appears to be largely coincident with activation.
We examined the effects of adhesion on Rac activity in fMLP-stimulated neutrophils ( Figure 2B ). As previously observed, neutrophils in suspension developed a polarized morphology in response to global stimulation with fMLP, although the cells tended to remain more rounded than the adherent cells, with a broad F-actin-rich leading lamellae (see Supplementary Figure S2 ). Under these conditions, Rac activation was observed in the anterior (actin-rich) region of the polarized cells but was substantially reduced in the cell posterior. The loss of Rac activity in the tail was evident in multiple cells (quantitated in Figure 2C ), even when the suspended cells were examined in several focal planes. This observation indicates that the loss was not merely due to a focusing artifact. This contrasted with the polarized adherent neutrophils, where Rac activity was evident in both the anterior and posterior regions of the cell. The amount of FRET seen within the tail of either suspended or adherent cells was significantly different from the main cell body (middle) at p Յ 0.0001. These data suggest that cell adhesion may play an important role in modulating localized Rac activity, particularly in posterior regions where the cell tightly engages the extracellular matrix.
The effects of various Rac wild-type and mutant proteins on the chemotactic responses of fMLP-stimulated human neutrophils were determined (Figure 3 ; see also the supplementary movies and Table S1 ). We initially chose conditions in which GTPases were expressed at levels similar to that of endogenous Rac; this avoided potential overexpression artifacts (see quantitation in Supplementary Figure S3) . The introduction of wild-type Rac1 protein had little effect on the chemotactic response to the fMLP gradient when this effect was compared to that in control neutrophils (Figure 3A; Supplementary Table S1 ). Cells expressing a constitutively active Rac1(G12V) mutant also responded as effectively as control cells. In marked contrast, cells expressing a Rac1(T17N) dominant-negative mutant at levels similar to endogenous Rac were significantly impaired in their ability to chemotax. Identical functional results were obtained for cells expressing the equivalent Rac2 mutants.
Examination of the neutrophils expressing each Rac mutant by time lapse microscopy revealed that the cells containing dominant-negative Rac1-or Rac2(T17N) exhibited a significant tail retraction defect ( Figure 3B ; Supplementary Movie 7). These cells still detected and polarized toward the fMLP gradient, and they even attempted to move the cell body toward the chemoattractant point source (31.1% Ϯ 4.1% polarized/motile cells versus 38.1% Ϯ 4.3% in control cells). However, the rear of the cells was unable to retract toward the moving cell body, and this inability caused the cells to stretch , there is little biochemical data on the mechanism of Rac action during the chemotactic response. We ative Rac at levels approximately 2-fold greater than endogenous Rac (i.e., when we added it to cells at show here that Rac undergoes spatially localized and temporally regulated changes in its activation state and greater than 8 g/ml-see Experimental Procedures and Supplementary Figure S3) , a loss of the intense F-actin that these changes correlate with distinct phases of the chemoattractant response. Endogenous Rac2 becomes staining seen in the leading lamellipod of control cells was observed ( Figure 4A ). The remaining F-actin stainlocalized at or just behind the leading edge of the moving leukocyte (or both), apparently coincidently with activaing was evident as a band around the periphery of the cell. This was verified by quantitation ( Figure 4B ) of the tion, and in areas where dynamic actin polymerization is presumably being regulated through Rac effector pro-F-actin distribution from the anterior edge to the rear of multiple cells. We also observed that neutrophils beteins. We have previously shown the Rac effector p21-activated kinase 1 to be recruited to the leading edge came increasingly less polar and no longer tried to move toward the fMLP point source in the presence of higher [15] . Specific Rac activation in the tail is associated with regulation of tail retraction, which requires myosin IIlevels of (T17N) Rac (8.5% Ϯ 3.5% polarized cells versus 38.1% Ϯ 4.3% in controls; see Supplementary Table S1 ). mediated contraction [4] . We observed that treatment of human neutrophils with the myosin light chain kinase It has proven difficult to study chemotactic signaling mechanisms in primary neutrophils because manipulainhibitor ML-7 also induced the appearance of elongated, nonretracted tails and decreased overall motility tion and transfection of these cells is problematic. How- 
Imaging and FLAIR Analyses Experimental Procedures
Imaging experiments were performed on an Olympus IX70 microscope, and time lapse imaging was performed with a Princeton Chemotaxis Assays Human neutrophils at approximately 95% purity were isolated from MicroMax 5 MHz 12 bit cooled CCD camera coupled to Inovision ISEE software. Inovision software was also used to perform FRET human blood as described [ 
